+ in (111) 
Diffusion of Li
+ in (111) oriented thin films of the spinels Li 4 Ti 5 O 12 and LiTi 2 O 4 has been studied with 8 Li β-detected NMR in the temperature range between 5 and 310 K. In Li 4 Ti 5 O 12 , the spin-lattice relaxation rate (1/T 1 ) versus temperature shows a clear maximum around 100 K (=T max ) which we attribute to magnetic freezing of dilute Ti 3+ local magnetic moments, consistent with the results of magnetization and muon spin relaxation (μ + SR) measurements. The decrease in 1/T 1 with temperature above T max indicates that Li + starts to diffuse with a thermal activation energy (E a ) of 0.11 (1) 
I. INTRODUCTION
Nuclear magnetic resonance (NMR) is a powerful method to probe matter at the atomic scale. Among its many applications, the study of microscopic diffusion is important. One well-known modern implementation employs pulsed magnetic field gradients to make the NMR (Larmor) frequency ν 0 dependent on the atom's location. Even with a uniform magnetic field, random atomic motion renders the local fields sensed by the nucleus stochastic functions of time. When the rate of such fluctuations exceeds the static linewidth, the resonance exhibits "motional narrowing", a substantial reduction in linewidth from the low temperature static value. When fluctuations are even faster, they begin to have a Fourier component at ν 0 , typically in the MHz range. This causes transitions among the nuclear magnetic sublevels, relaxing the ensemble of spins towards the thermal equilibrium Boltzmann distribution. The rate of this "spin-lattice relaxation" λ = 1/T 1 is determined by the fluctuation spectral density at ν 0 , as first discussed by Bloembergen, Purcell, and Pound [1] . Compared to other techniques, such as electrochemical impedance or tracer studies, NMR has important advantages for observing both short-range and long-range motion [2, 3] . Since longrange motion is naturally affected by microstructure, such as grain boundaries and interfaces, the intrinsic self-diffusion coefficient can only be estimated from short-range motion in the bulk.
Here we use 1/T 1 to begin to study the diffusion of Li + in thin films of two electrode materials, line phase compounds in the Li 1+x Ti 2−x O 4 series with x = 0 and 1/3, LiTi 2 O 4 and Li 4 Ti 5 O 12 . However, conventional NMR is generally not * e0589@mosk.tytlabs.co.jp sensitive enough to study thin films, so we use implanted hyperpolarized radioactive spin probes instead of stable magnetic nuclei. Signal detection is based on anisotropic radioactive beta decay, where the high energy beta particle (e ± ) is emitted in a direction correlated with the spin direction at the instant of decay. This enhances the sensitivity enabling measurements in thin films. Moreover, by varying the probe implantation energy, one can study properties as a function of depth [4, 5] .
Specifically we use two such probes: the radioisotope 8 Li + and the positive muon (μ + ) and measure spin relaxation and resonances using β detected NMR (β-NMR) and muon spin rotation and relaxation (μ + SR). While the experiments are similar, the probes are quite different and provide complementary information. Here, μ + is not strictly a nucleus, but it behaves as a light isotope of the proton. In particular, in oxides it is typically bound to an oxygen analogous to a hydroxide ion. In the material, in which Li + ions are diffusing, 8 Li + is isotopic with the stable mobile Li + in the host and 8 Li + β-NMR provides unambiguous information about Li + diffusion [6] [7] [8] [9] . On the other hand, the muon is a bystander probe of Li + diffusion in the host lattice. Its local environment may fluctuate, either because nearby stable Li ions are moving or because the muon itself is moving. As with conventional NMR, diffusional spin relaxation in β-NMR can be masked by the coexistence of electronic magnetism [10, 11] . Using the dependence of the muon spin relaxation on the applied magnetic field, one can effectively distinguish magnetism-related relaxation in many cases [12] [13] [14] [15] . There are a number of other features that distinguish these probes as discussed further below.
Concerning the implantation damage to samples with 8 Li, the daughter 8 Be is extremely unstable and immediately decays into two alpha particles [4] . In fact, for Sr 2 RuO 4 , the 8 Li β-NMR relaxation rate is found to be very compatible with the host lattice NMR, indicating no signs of the implantation damage [17] . In addition, for Fe 2 O 3 , the transition temperature detected by 8 Li β-NMR is the same as the bulk value [16] . Therefore, we will at present ignore such effect on ion diffusion measurements.
We study two materials with the "spinel" crystal structure, members of the series Li 1+x Ti 2−x O 4 . At x = 0, Ti has an average valence of 3.5, and the material is metallic with a conduction band derived from the Ti 3d (t 2g ) orbitals and becomes superconducting at the relatively high temperature of 13.7 K [18] . With a relatively narrow conduction band, electron correlations are expected to play a significant role in the electronic properties. As x is increased, the metallic state is rapidly destroyed giving way to a dielectric insulator, e.g., Li 4 Ti 5 O 12 .
Aside from the interesting variation in electronic properties, since these materials exhibit good electrochemical properties described below, they are heavily investigated as candidate anode materials for next generation Li ion batteries [19] [20] [21] [22] .
Key to both the electronic and electrochemical properties is the crystal structure. 4 (see Fig. 1 ). The reversible Li (de)intercalation reaction is represented by [20, 22] (Li [19] , which is given by [28] (Li [19] . The reduced valence also leads its metallic and superconducting properties [18, 29] which have been extensively studied [30, 31] . However, its electrochemical properties are less investigated than Li 4 Ti 5 O 12 , as it is not air stable [32] .
Diffusion in thin films of both these materials may differ from the bulk due to effects of the interfaces as well as specific structural features, e.g., epitaxial strain. Li diffusion in thin films of these materials is much less well understood, and one of our main motivations for the current study is to elucidate Li ion dynamics in the context of thin films.
Besides the diffusive behavior in Li 4 Ti 5 O 12 , magnetization and μ + SR measurements revealed the appearance of localized magnetic moments below 100 K [27, 33] , although with the nominal Ti valence of 4+, there are no d electrons. In order to explain such moments, we assumed a slight deviation of the Li:Ti ratio from 4:5. That is, the correct formula is rather Li 4−y Ti 5+y O 12 , resulting in the formation of 3y Ti 3+ ions with S = 1/2. Based on the Curie-Weiss behavior of the magnetization at high temperatures (T > 100 K), y was estimated to be below 0.08. If this assumption is correct, β-NMR should also detect remarkable relaxation caused by these dilute magnetic moments.
The magnetization measurements on two commercially available Li 4 Ti 5 O 12 powders also showed a sudden increase in magnetization below 100 K [33] . This means that the appearance of localized magnetic moments at low temperatures is a common behavior in Li 4 Ti 5 O 12 . Nevertheless, the past and recent Li-NMR work has been mainly focused on 1/T 1 at temperatures above room temperature [23, 24, [34] [35] [36] , and, as a result, there is no available Li-NMR data below 200 K. Despite a significant contribution of localized magnetic moments on 1/T 1 in NMR [10] , such magnetic behavior was not recognized in the Li-NMR work. It should be noted that one of the two commercially available samples, for which we measured magnetization [33] , was also used for the Li-NMR experiments above 200 K [23, 24] .
Here, we report the first results of β-NMR measurements on Li 4 was 220 nm. The preparation and characterization of the two films are described in more detail elsewhere [37] (see Appendix).
The β-NMR spectra were measured using the 8 Li beam produced at the Isotope Separator and Accelerator (ISAC) at TRIUMF in Canada. The nuclear spin is polarized using a collinear optical pumping method, producing a spin polarized 8 Li + beam with about 70% polarization. The implanted beam energy (E im Li ) was 20 keV, for which the 8 Li stops at an average depth of about 120 nm, with only a small fraction residing in the substrate.
In the β decay of 8 Li, an electron is emitted preferentially opposite to the direction of the nuclear polarization and is detected by scintillation counters, as in μ + SR. Therefore, we can measure the change in asymmetry (A) as a function of time for a pulsed beam or as a function of frequency of an applied RF magnetic field with a continuous beam. Here, the time evolution of asymmetry is given by
, where F (t) and B(t) are the count rates in the forward and backward counters, respectively. The details of setup and experimental procedure of β-NMR are described elsewhere [4, [38] [39] [40] [41] . It should be, however, noted that the highest temperature of the present β-NMR spectrometer (310 K) is sometimes too low to detect ionic diffusion in solids [42] .
The μ + SR spectra for the film samples were measured using the low-energy μ + (LEM) beam at SμS of PSI in Switzerland. The details of the experiment and the results were described elsewhere [27] . 1.9 Tesla. The 8 Li pulse starts at t = 0 and continues for δ = 4 s, resulting in the pronounced kink at t = δ. The β-decay asymmetry is measured both during and after the beam pulse [40] . Due to the longer lifetime of 8 Li + than μ + , we usually apply a large longitudinal field (1.9 T in this case) perpendicular to the film. As seen in Fig. 2 , the relaxation at 100 K is clearly faster than at either 5 or 300 K, indicating a nonmonotonic temperature dependence of the spin-lattice relaxation rate (1/T 1 ). The time spectrum [A(t) = A 0 P z (t)] was best fit by a stretched exponential relaxation function convoluted with the beam pulse, for the fraction of 8 Li + implanted in the sample at t p [40] ;
where A 0 is the initial asymmetry, P z (t) is the 8 Li + spin polarization function, β is the stretching exponent, and A 1 is the asymmetry for the relaxing signal, and, since we assume a single component decay, A 0 = A 1 . Although A 1 was not fixed in Eq. (3), it is found to be almost independent of T . We fitted the spectrum at each temperature using Eq. (3) and found that β is almost T independent (0.2 β 0.4). However, all the spectra can be adequately described using a common β of 1/3, which we report here. Here, λ for the muon is caused by Ti 3+ local magnetic moments and ν is rather due to dynamics of the dipolar magnetic fields of the host nuclei at the muon due to Li diffusion. Specifically, the μ + SR spectrum was fitted by an exponentially relaxing dynamic Gaussian Kubo-Toyabe signal [27] + SR spectra were measured for the film sample, while M was measured for a powder sample. The β-NMR data was obtained by fitting the time spectrum with Eq. (3) and β = 1/3. The μ + SR data was obtained by fitting the zero field and weak longitudinal spectra with the exponentially relaxing dynamic Kubo-Toyabe function [27] . The vertical broken line represents the temperature below which the M/H curve deviates from a Curie-Weiss behavior at high temperatures.
by both electronic and nuclear magnetic fields. For 8 Li 1/T 1 at both fields exhibits a maximum around 100 K. A peak like this is expected any time a component of the fluctuating local field at the nucleus freezes out. The peak occurs at the temperature where the characteristic fluctuation matches the 8 Li NMR frequency ν 0 ∼ 12,42 MHz at these fields. The 1/T 1 peaks coincide with the onset of the magnetic relaxation seen by the muon λ rather than the χ (T ) curve, indicating a common origin.
In order to understand the T dependence of 1/T 1 , Fig. 4 (a) shows the relationship between log[1/T 1 ] and inverse temperature. It is found that the magnitude of the slope at high temperatures (i.e., 1000/T 5), is very large compared with that at low temperatures (i.e., 1000/T 10). This indicates the presence of two different relaxation processes for 1/T 1 . That is, the relaxation due to localized magnetic moments is predominant at low temperatures, while that due to Li diffusion is predominant at high temperatures. We note that, despite the crossover in relaxation mechanism, the shape of the relaxation function in this T range does not change much, resulting in the nearly T -independent β. In addition, since χ (T ) shows the disappearance of localized magnetic moments above 80 K, it is fortuitous that past Li-NMR work above 200 K ignored such a contribution to 1/T 1 . Therefore, we also assume that 1/T 1 of β-NMR is governed by Li diffusion at high temperatures with no magnetic moments.
Fitting the temperature dependence of 1/T 1 with the BPP relation [1] is complicated by the presence of the low temperature relaxation due to local moments [see Fig. 4(a) ]. Thus, we cannot directly extract a diffusion coefficient of Li + (D Li ) from the 8 Li data, although E a for Li diffusion is estimated from the fit above ∼200 K to a simple thermal activation process, as in the case of a polymer electrolyte [42] .
In contrast, since μ + SR distinguishes the relaxation due to local moments (λ) from that due to Li diffusion (ν), the T dependences of the two parameters were distinguishable as seen in Fig. 4(b) . If we assume an Arrhenius-like behavior, Figure 5 shows the resonance line for 8 Li in the Li 4 Ti 5 O 12 film measured at 5, 100, and 200 K with H = 1.9 T. Despite the I = 2 nuclear spin, there is no indication of a quadrupole splitting even at the lowest T . This implies that the implanted 8 Li + stops at a cubic site(s), where the electric field gradient (EFG) is zero. The resonance line is well fitted by a Lorentzian function in the whole T range, and the linewidth is found to decrease with increasing T . Figure 6 shows the T dependences of (a) the full width at half maximum (FWHM) and (b) the frequency shift (K) of the resonance. Here, K is defined as K ≡ [f r (T ) − f r (300 K)]/f r (300 K), where f r is the resonance frequency at 300 K. In addition, the corresponding μ + SR parameters, the field distribution width ( ) and the exponential relaxation rate (λ), are plotted for comparison. Above about 100 K, the 8 Li FWHM decreases gradually with T , similar to the muon . Since reflects the dipole field at the muon site mainly caused by Li nuclear spins, the FWHM(T ) curve indicates that the nuclear dipolar broadening is predominant at the 8 Li site above 100 K. Note that the magnitude of the dipolar linewidth depends on the probe site in the lattice, see Sec. IV B below. We note there is no dramatic motional narrowing up to 300 K, meaning the 8 Li hopping rate remains less than 10 kHz throughout the entire observed T range. At 300 K, the 8 Li resonance shift K is small, as expected for Li NMR chemical shifts in a nonmagnetic insulator [43] . In fact, if we compare the measured f r with that in MgO [44] , K vs.MgO was estimated as about −19 ppm at 300 K. However, it is T dependent, becoming more negative below 200 K, where it seems to track the T dependence of the muon λ. It is possible that this shift simply reflects the demagnetization field due to the perpendicular magnetization of the film at low temperatures [45] . Hyperfine coupling to dilute Ti 3+ moments would naturally yield a broadening, due to the distribution of distances to the 8 Li probe. If, however, the Ti 3+ are dense enough that there is a uniform component to the susceptibility near the percolation limit of the metallic state, then a hyperfine coupling could result in a resonance shift as was found in the dilute magnetic semiconductor Ga 1−x Mn x As [46] . Interestingly, K approaches zero (K vs.MgO = −19 ppm), near the temperature where the Li begins to move T ≈ 100 K. Overall, the resonance results are broadly consistent with the interpretation of 1/T 1 and the μ + SR measurements.
C. LiTi 2 O 4
In order to study the effects of the cation distribution and Ti valence, we also measured 8 Li β-NMR in the metallic LiTi 2 O 4 film. ) is the same as that for Fig. 3 for comparison. 8 Li site, likely due to the metallic character of LiTi 2 O 4 , which naturally suppresses the formation of localized magnetic moments. Clear at all fields, there is a rapid increase in 1/T 1 above about 200 K. Below this, however, the relaxation rate is relatively constant. At 1.9 T it shows a small peak at about the same temperature as in the insulating Li 4 Ti 5 O 12 followed by a slight low temperature increase. These features appear washed out in the 6.55 T data. It is important to note that the measured rates below 200 K are near the intrinsic lower limit of measurement determined by the radioactive half life of the 8 Li probe.
In a metal, one expects that the dominant relaxation will be by spin flip scattering between the nucleus and mobile electrons, giving rise to the characteristic T -linear Korringa law. For example, this is found for implanted 8 Li in many simple [4] and even oxide metals [16] . Surprisingly, in LiTi 2 O 4 we find no T range where 1/T 1 ∝ T . In principle, the magnitude of the Korringa slope depends on the square of the hyperfine coupling to the mobile Ti t 2g electrons, and this coupling may simply be very small. For a metal, the 8 Li 1/T 1 is also remarkably slow, e.g., at 300 K it is comparable to the very slow Korringa relaxation we find in semimetallic bismuth [47] . A very small Korringa slope for 8 Li is also found in the layered NbSe 2 , where it is thought to occupy a site in the van der Waals gap, that naturally results in a very small coupling to the highly two-dimensional conduction electrons [48] . We note that in LiTi 2 because it is neither T linear nor independent of the applied field.
The strong field dependence above 200 K indicates this relaxation is likely diffusion related. The applied field determines the NMR frequency, and the maximal relaxation rate occurs when the 8 Li hopping rate matches ν 0 . At all fields this maximum appears to be offscale to higher temperature, beyond the accessible range. Without observing the maximum, it is impossible to measure D Li directly, as in the case of poly-ethylene-oxide [42] . However, the onset of relaxation implies the hopping rates approach the Hz range at 300 K, being consistent with 7 Li-NMR [49] . In contrast, our previous μ + SR measurements on the LiTi 2 O 4 film [27] provided the T dependences of λ and ν, separately [see Fig. 7(b) ], as in Li 4 Ti 5 O 12 . From the ν(T ) curve and the structural data, we could estimate D Li [27] . In order to confirm the origin of the T dependences of 1/T 1 and ν, Fig. 8 shows both 1/T 1 and ν as a function of inverse temperature from which (above 200 K) E a was estimated to be 0.16(2) eV and 0.17(6) eV [27] , respectively. This demonstrates that both β-NMR and μ + SR detect Li diffusion at temperatures above 200 K. Figure 9 (a) shows the T variation of the resonance spectrum acquired with H = 1.9 T and the T dependences of the FWHM and the shift K for 8 [18], the resonance line changes dramatically both in shape and width below T c which is slightly suppressed by the high applied field. The line shape obtained at the lowest T reached (5 K) is asymmetric, as in the case for superconducting NbSe 2 [50] , consistent with the inhomogeneous magnetic field of the vortex state [51, 52] . Since the superconductivity is not of primary interest here, we simply fit the resonance spectrum phenomenologically with the Voigt profile over the whole temperature range measured. As seen in Fig. 9(b) , the linewidth (FWHM), determined from the Voigt function fits, is almost T independent above T c , despite the increase in 1/T 1 above 200 K. In particular, motional narrowing is not observed up to 310 K. This is consistent with the nuclear dipolar field seen by the muon [ (T )] which only shows a small steplike change around 330 K due to Li diffusion. In fact, the resonance spectrum obtained at T > T c is well fitted by a Lorentzian, while that obtained at T T c by a broad Gaussian. Since the linewidth above T c is quite large (compared to γ H 1 ) and comparable to that for Li 4 Ti 5 O 12 , RF power broadening plays only a minor role in determining the width.
The resonance shift in LiTi 2 O 4 is very small at T 100 K, similar to Li 4 Ti 5 O 12 . This is again remarkable for a metal, which usually exhibits a Knight shift of the NMR due to coupling to the Pauli susceptibility of the conduction electron spins. A very small shift is, however, consistent with 7 Li NMR measurements (2.5 ppm [53] ) and also with a very small Korringa slope. Below 100 K, the shift becomes negative. This may also be the demagnetization effect proportional to the bulk magnetic susceptibility χ mentioned above. A contribution to χ from local moments on Ti ions may account for both this and the low temperature increase in the muon λ. Below this there is also a rapid decrease in K below T c [see Fig. 9(c) ], due to superconducting diamagnetism, as seen in, e.g., NbSe 2 [50] .
IV. DISCUSSION
Several effects may be present in a thin film that could alter the ionic diffusivity of Li in comparison to the bulk, such as the presence of interfaces, interfacial electric fields, epitaxial strain, and microstructure. However, our results on both these films are compatible with those in bulk powders [27] , indicating such effects are at most small.
It should be noted again that the present 8 Li β-NMR result is consistent with the μ + SR result of the film samples. The μ + SR result of the Li 4 Ti 5 O 12 film is essentially the same as the bulk powder sample [27] . Therefore, the present results indicate that the films exhibit bulk Li dynamics, with no strong effect of the finite size or interfaces, in both Li 4 Ti 5 O 12 and LiTi 2 O 4 .
A. Comparison with Li-NMR
From the 8 Li probe, in LiTi 2 O 4 , we find metallic spin relaxation is negligible, and there appears an onset of diffusive relaxation above about 200 K that is strongly field dependent as expected. Surprisingly, there is little evidence for motional narrowing in this T range. Below 200 K, the relaxation is very slow but shows some interesting field and T dependence. In particular, there is a local maximum near 100 K that is smaller but similar in temperature to the predominant peak seen in the insulating Li 4 8 Li + measurements up to higher temperatures should reveal more clearly the diffusive relaxation, and we expect to find the characteristic maximum in 1/T 1 .
It should be noted that the hopping rate of Li + ions to the nearest neighboring sites is the elementary step of longrange diffusion and is essential for predicting D Li by first principle calculations [28, 55, 56] . This is another reason that μ + SR provides more reasonable D Li than Li-NMR for several materials [14, 15, [57] [58] [59] [60] [61] , besides the fact that μ + SR detects the change in a nuclear magnetic field due to Li diffusion even in the materials containing magnetic ions.
B. The 8 Li sites
For a quantitative understanding the diffusive behavior of 8 Li, we definitely need to know the crystallographic site of the implanted 8 Li in the spinel lattice. This is because, if 8 Li sits at the A site in Eqs. (1) and (2) Ion implantation is not a thermal process, and the implanted 8 Li + usually locates in a high symmetry lattice site either a substitutional or interstitial in the host lattice. Since there is no quadrupole splitting, in both of these materials the implanted 8 Li site(s) must have cubic symmetry. One contribution to the low temperature resonance linewidth that is characteristic of the lattice site, is the static nuclear dipolar broadening, due to the spins of the host nuclei. This linewidth can be calculated by van Vleck's method of moments for the ideal lattice. In the absence of broadening by other mechanisms this is expected to give a reasonable estimate of the intrinsic linewidth provided the power broadening is relatively small. The dipolar linewidth (e.g., estimated by the van Vleck method using the powder average expression) is a lower limit on the actual width as any charge disorder in the host lattice would also contribute a quadrupolar broadening. The nuclear dipolar field second moment was calculated for the possible sites, and the results are shown in Table I . It should be noted that this calculation doesn't account for lattice distortion around the implanted 8 Li + . This would provide a less reliable estimation for interstitial sites than for substitutional sites.
Since I = 2 for 8 Li, the FWHM is not directly calculated from and γ Li = 0.63018 kHz/Oe. However, in order to explain the experimental result, in which FWHM for Li 4 Ti 5 O 12 exceeds that for LiTi 2 O 4 between 100 and 300 K, the implanted 8 Li is most likely at the 8a site in both spinels at all temperatures. This site assignment is reasonable, because the Li ions at the A(8a) site are electrochemically active [20] [21] [22] and are diffusing at high temperatures. On the other hand, since the I (16c) site is occupied by intercalated Li + , 8 Li β-NMR is unlikely to provide information on the diffusive nature of the intercalated Li + in both Li 4 Ti 5 O 12 and LiTi 2 O 4 . However, since FWHM depends on the orientation in a single crystal sample [62] , more accurate estimation of FWHM would be required for the assignment of the implanted 8 Li site.
V. SUMMARY
Using spin-polarized low-energy 8 Li + , we have measured β-NMR spectra of (111) O 12 , the temperature dependence of the spin-lattice relaxation rate (1/T 1 ) shows a maximum at 100 K (=T max ), below which localized magnetic moments are seen in magnetization and μ + SR measurements. The decrease in 1/T 1 above 200 K is most likely due to Li diffusion. However, the coexistence of localized magnetic moments makes it difficult to clarify the change in T max with applied field. Therefore, a diffusion coefficient was not evaluated but the activation energy (E a ) for Li diffusion was estimated as 0.11 (2) 
APPENDIX
In order to confirm the quality of the two films besides structural, optical, and magnetic characterization [37] , Fig. 10 shows the cell voltage (E) as a function of capacity for the Li 4 20 and 160 mAh/g (10 and 180 mAh/g) and is very consistent with the previous powder data [19, 20] . Therefore, the composition of the two film samples must be very homogeneous. 
